Abstract: Fluid-dynamic noise induced by the unsteady fluid phenomena usually causes a negative influence on the hydraulic circuit system during the pump operation, especially at off-design flow rates. The spectrum of the pressure signals measured directly in the pipeline of the pump is usually employed to reflect the acoustic characteristic parameters of the fluid-dynamic noise of the pump itself. However, there exists a large difference between the spectrum characteristics directly measured and the actual characteristics of the acoustic source inside the pump due to the effects of the acoustic properties of the piping. Therefore, in order to verify the effect of the discharge piping on the pressure fluctuations of a laboratory pump, three different discharge piping schemes connected to the pump outlet were studied by opening and closing different valves. The results showed that the amplitude of the pressure pulsations in a constant monitor point changed with the shaft frequency and blade passing frequency. The variation range of the pressure pulsation magnitudes for the points monitored at the pump outlet is evidently larger than that for the points close to the cutwater of the volute.
Introduction
Centrifugal pumps are widely used in agriculture, industry and daily life situations as an important transmission device in hydraulic systems. During actual operation, centrifugal pumps usually produce fluid-dynamic noise, due to the unsteady flow and pressure pulsations, particularly at off-design operating conditions [1] . The internal flow pattern of the centrifugal pump is very complicated three-dimensional unsteady turbulence [2] . The two main sources of pressure pulsations are the instable wake flow at the exit of the impeller channel and its impingement on the cut-water region. Guelich [3] thought that the pressure pulsation is detrimental and unavoidable, therefore monitoring and controlling it under operation is vital. The spectrum of the pressure pulsations measured directly in the pipeline of the laboratory pump is usually employed to reflect the acoustic characteristic of the fluid-dynamic noise of the pump itself. However, during the process of testing, there exists a relative large difference between the spectrum characteristics directly measured and the actual characteristics of the acoustic source inside the pump due to the effects of the acoustic properties of the piping.
Accurately measuring the acoustic characteristics of fluid-dynamic noise is the basic guarantee for completing the study of its noise mechanisms, verifying noise reduction measures and designing centrifugal pump with lower noise levels [4] . Acoustic characteristics of the fluid-dynamic noise produced by the pump can be only truly expressed when connected to a pipeline as a hydraulic system. Therefore, this paper designs a test system, which was established in the laboratory of the Department of Energy at the University of Oviedo, to estimate the coupling effect of the pipe system on the pressure pulsations of a laboratory pump.
Pump and Experimental Configuration
The laboratory pump, with an impeller of 7 double-curved blades, was investigated to measure the transient pressure fluctuations for different hydraulic systems. Figure 1 presents a schematic view distribution of the pressure monitors and the experimental instrumentation. In this system, three piezoelectric pressure sensors were mounted on the wall of the laboratory pump to observe the change of pressure pulsations at different positions. The monitor point 1 was set up at the volute casing, close to the cutwater region. The monitor points 2 and 3 were installed at the discharge pipe, between the pump outlet and the dead-end branch respectively. The rotational speed of the pump was set to 900 rpm by means of a variable-frequency drive. In order to capture the apparent pressure pulsation phenomenon, the operating condition of the pump was set to a very low flow-rate 9 m 3 /h, producing relatively high pressure pulsations at its blade-passage frequency. During each test, a multi-channel device (IMC Cronos-PL2) recorded the pressure fluctuation signals from several high sensitivity piezoelectric sensors (Kistler 701A), each connected to a charge amplifier (Kistler type 5018). Then the pressure signals were post-processed as follows. 
Methodology
To investigate the effect of the hydraulic circuit on the pressure pulsations in the centrifugal pump, three different discharge piping schemes by opening and closing the different valve combinations connected with the pump outlet were designed, as can be seen in Figure 2 . For Scheme 1, the water only flowed out from the pump outlet toward the discharge pipe 1. For Scheme 2, the valves 1, 2, 4 and 5 were open and the valves 3 and 6 were closed. For Scheme 3, the pump outlet was only connected to the discharge pipe 3, before testing the laboratory pump. During the tests, the rotational speed, flow rate, head of the pump and valve opening of the piping outlet in different discharge piping schemes remained unchanged to ensure the consistency of the operational conditions. To account for variations of the pressure pulsations with the frequency, a frequency domain analysis was carried out by means of the Fast Fourier Transform (FFT) algorithm. 
Results and Discussions
In order to verify the repeatability and reliability of the test results, the measurements of the experimental data were duplicated three times for every operational condition in the laboratory pump for each discharge piping scheme. The amplitudes of pressure pulsation at the shaft frequency (fs) and blade passing frequency (fb) were calculated, as presented in Table 1 . The results suggested that the magnitude of the pressure pulsations at fs and fb varied for three different discharge piping schemes. Table 2 shows the average values of the pressure pulsations obtained for the three sets of tests. The amplitudes of the pressure pulsations at monitor point 1, close to the cutwater of the volute, had a relatively slight change compared with the other two monitor points, located at pump outlet, under the influence of changing the discharge pipeline. Moreover, the discharge piping schemes had a more significant influence on the amplitudes at fb than that at fs for different monitor points. The maximum deviations of the pressure pulsations in the different discharge piping schemes even exceed 15% at fs and 30% at fb, respectively. 
Conclusions
Three different discharge piping schemes for a centrifugal pump were proposed by opening and closing the different valves connected with the pump outlet to measure the effect of the discharge piping on the pressure fluctuations induced from the pump. The results suggested that the amplitudes of the pressure pulsations of a constant monitor point changed at fs and fb for the different discharge piping schemes. The variation range of the pressure pulsation magnitudes for the monitor points at the pump outlet is evidently larger than that for the monitor point close to the cutwater of the volute. Therefore, the direct measurement method of pressure pulsation in the pipeline of the model pump does not directly reflect the acoustic properties of the pump itself. Due to the coupling effect of system, in some situations, it might be even seriously misleading.
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